We demonstrate the design, fabrication, and measurement results for an As 2 S 3 grating coupler on a LiNbO 3 substrate. The proposed coupler was fabricated by a single lithography step followed by a single reactive ion etching step, which substantially reduces the processing steps compared to previously reported coupling between vertically integrated As 2 S 3 and LiNbO 3 waveguides. The measured grating coupling loss is 3.75 dB at 1563 nm for TE polarization. In addition, a sidewall Bragg grating cavity was fabricated using the grating input and output couplers. The Bragg grating response had a full width at half maximum (FWHM) of 0.0375 nm around the resonance wavelength and a cavity free spectral range (FSR) of 0.36 nm. Applications of these vertically integrated As 2 S 3 grating couplers include 2-D beam steering using the electro-optic tuning afforded by the LiNbO 3 substrate and electro-optic sensing.
Introduction
Amorphous arsenic trisulfide (As 2 S 3 ) is a good material candidate for integrated optics due to its wide transparent window [1] , high nonlinear coefficient [2] , and compatibility with complementary metal-oxide semiconductor fabrication techniques. As 2 S 3 waveguides and waveguide-based devices have numerous applications such as nonlinear tunable filters [3] , four-wave mixing [4] - [6] , and difference frequency generation [7] . Vertically integrated As 2 S 3 -on-LiNbO 3 is a promising hybrid platform, thanks to excellent electro-optic (EO) property of LiNbO 3 . The advantage of this platform over silicon on insulator (SOI) platform is the ability to achieve high speed modulation through low loss EO tuning of LiNbO 3 [8] , [9] . At 1550 nm, the EO modulation speed for As 2 S 3 -on-LiNbO 3 is 90 times higher than PIN modulation on an SOI platform [9] .
Coupling light into highly-confined As 2 S 3 modes is non-trivial since the mode size of the singlemode As 2 S 3 waveguide is much smaller compared with the mode size in standard single-mode fiber (SMF). Controlled etching and lensed fibers [10] have been used to couple the light at the end facets of the sample. However, this method has low alignment offset tolerance and tight tolerance requirements in the reactive ion etching (RIE) procedure. We have demonstrated vertically coupling from Ti-diffused LiNbO 3 waveguides [11] , [12] ; however, this requires many processing steps as well.
A lot of research efforts have been put into grating coupler design and fabrication due to the need for wafer-scale optical testing. Grating couplers were first proposed by the scientists from IBM in 1970 [13] . The grating coupler on a semiconductor platform was demonstrated in [14] for the first time, with measured coupling efficiency of 19%. In order to improve the coupling efficiency, reflectors on the side and bottom have been employed. Further optimization attempts have been made to decrease the mode-mismatch by apodizing the grating periods [15] . Subwavelength grating coupler structure has been proposed and studied in order to reduce the fabrication cost while maintaining competitive coupling efficiency [16] - [18] . Up to now, most work related to grating couplers has been on the SOI platform.
In this paper, the design, fabrication and characterization of an As 2 S 3 grating coupler is presented. Grating patterning is simplified to a single lithography step and a single etching step, which means that the fabrication steps are minimized. Grating coupler performance is comparable to its counterpart employing SOI foundry services [19] . The coupler is then implemented for Bragg gratings and grating cavity characterization. Fig. 1(a) illustrates the device configuration (top view), and Fig. 1(b) shows the grating coupler parameters. Here w 0 is the waveguide width at the narrow end of the adiabatic taper, whereas w GC is the grating coupler width. stands for the grating period. The grating coupler duty cycle (DC) is defined in (1), shown below, where d is the length of the high refractive index section within each period. Fig. 2 shows how the grating coupler works for light coupling, with the material labeled for each layer. Light is guided through the waveguide. A periodic refractive index perturbation is introduced to the grating area of the waveguide layer. Light diffraction at the grating coupler is governed by
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(see [13] ), where λ is the central wavelength (usually called the Bragg wavelength), n eff is the effective refractive index of the grating coupler, n c is the refractive index of the cladding fiber mode, and θ is the coupling angle from the normal. Coupling efficiency is defined by η = η p ow er × η over lap (3) (see [15] ), where η p ow er represents the percentage of the light that is encompassed by the area of single-mode fiber (SMF), while η over lap represents how much of the output light matches the Gaussian approximation of the SMF. A complex effective index solver is used for 2-D grating coupler simulation. A Bragg reflector is used in order to minimize the light leakage into the substrate. Fig. 3 shows the output TE field of the grating coupler with and without a 4-layer Bragg reflector at the bottom of the grating coupler. With the reflector, η p ow er is increased from 25.8% to 60.9%.
After iteration and convergence simulation, the optimized grating coupler parameters are finalized in Table 1 . The coupling efficiency is calculated to be 55.6% at 1550 nm, with the bandwidth of 80 nm. The first three periods have different duty cycles in order to optimize η over lap . Further improvement on the coupling efficiency could be achieved if amorphous silicon is used instead of As 2 S 3 for the Bragg reflector, since amorphous silicon has a higher refractive index than As 2 S 3 , at the cost of depositing one more material in the fabrication process.
Device Fabrication
A LiNbO 3 crystal wafer (x-cut y-propagation) is used as a substrate. After wafer dicing, the following thin film layers are deposited using AJA 1500 deposition system: 250 nm SiO 2 , 250 nm As 2 S 3 , 250 nm SiO 2 , 250 nm As 2 S 3 , 650 nm Al 2 O 3 , 500 nm As 2 S 3 , 100 nm SiO 2 , and 45 nm Ti. The two SiO 2 |As 2 S 3 pairs serve as the Bragg reflector. The Al 2 O 3 layer serves as the buffer oxide (BOX) layer, as well as the RIE stop layer. The As 2 S 3 layer on top of the BOX layer is the wave-guiding layer. A SiO 2 protective layer is used to prevent As 2 S 3 from being oxidized. Finally, the Ti layer serves as a conductive layer for electron beam (E-beam) lithography process.
PMMA C2 solution (from MicroChem Corp.) is used as E-beam resist. The spin speed is 2500 rpm, with 2 seconds ramping time. The soft-baking is carried out on a hotplate, at 180°C for 2 minutes. A JOEL JBX 5500FS E-beam writer is used for patterning, in order to deliver sub-micron features. The acceleration voltage for this system is 50 kV. The beam current is 1 nA. The exposure dosage is 350 μC/cm 2 . After exposure, the sample is developed for 1 minute in PMMA developer made from 100 mL IPA mixed with 50 mL deionized (DI) water.
A 10-second ashing procedure is carried out using a Plasmalab System 100 (from Oxford Plasma Technology) to remove the residue PMMA at the corners of exposed areas. An E-beam evaporator (from Kurt J. Lesker Company) is then used to deposit 30 nm of Ti, followed by a lift-off step in Acetone.
After scanning electron microscopy (SEM) is employed to check the patterns non-destructively, RIE is performed. The RIE time should be long enough to remove the As 2 S 3 wave-guiding layer outside the pattern area. At the pattern area, the As 2 S 3 wave-guiding layer should be preserved while the Ti layer should be completely removed. Fig. 4 shows the microscope images after 5 min, 7 min, 8 min, and 8 min 45 s into RIE, respectively. It can be seen that at the beginning, the Ti layer is still remaining on the top of the grating coupler, and therefore, the pattern looks "shiny." As the RIE goes on, the Ti layer is completely etched, and the grating coupler color transitions to dark, then yellow, which is the color of the As 2 S 3 wave-guiding layer.
The last fabrication step is to sputter 100 nm of SiO 2 cladding on top of the sample. To sum up fabrication steps, Fig. 5 shows the fabrication flowchart.
Device Characterization and Data Analysis
Fabricated devices are characterized using the measurement setup shown in Fig. 6 . A LUNA optical vector analyzer (OVA) is used to characterize the fabricated grating couplers. The coupling angle is set to 17°. Fig. 7(a) shows the TE transmission spectrum of the 2 mm waveguide with grating couplers on both ends. The insertion loss is 7.9 dB for TE polarization at 1563 nm. One reason for the transmission peak to shift towards longer wavelength direction is that the grating coupler DC is larger than its designed value after lithography, causing n eff to be larger. The loss results from grating couplers loss, adiabatic tapers loss, and waveguide loss. Fig. 7(b) is a zoomed-in version around the transmission peak. The 1 dB fringes are caused by the reflection of grating couplers. Back reflection is a common issue for fully etched grating coupler [14] . This issue can be partially resolved by tweaking the duty cycle of the first several periods of the grating coupler.
A sidewall Bragg grating is a compact way to realize a narrowband optical filter using sidewall corrugation of the waveguide in the same lithography step as the waveguides are defined. The grating parameters used for fabrication are defined in Fig. 8 . Here, w 0 is the width for the single-mode waveguide. w 1 and w 2 are widths for longer and shorter grating teeth, respectively. B represents Bragg grating period. w = (w 1 -w 2 )/2 define the grating depth, which is directly related to the grating coupling strength.
Different Bragg grating structures are implemented in the "waveguide device" region in Fig. 1 (a) and the devices are characterized through the As 2 S 3 grating couplers. Fig. 9 is the plot of the TE reflection spectra of the fabricated Bragg gratings. Here, the number of periods is 1000, with period 356 nm. The waveguide width is 1.5 μm. The grating depths are 400 nm and 500 nm, respectively. The blue curves are extracted from the measurement results, with the grating coupler interference removed. The red curves are derived from Coupled Mode Theory (CMT) [20] and fitting parameters are grating period, coupling coefficient and the average effective refractive index of the grating area. From the fitted results, the coupling coefficient is 6.0 mm −1 for 400 nm deep gratings and 10.0 mm −1 for 500 nm deep gratings. The coupling coefficient is higher than previous results Fig. 9 . Reflection spectra and fitted curves for grating depths of (a) 400 nm and (b) 500 nm. published on the same platform [12] , due to the stronger refractive index perturbation from the different grating geometry. A Bragg grating cavity can be implemented by cascading two segments of Bragg gratings with a waveguide cavity in between them. Such a cavity is also characterized using the As 2 S 3 grating couplers. Fig. 10(a) shows the TE transmission spectrum of the fabricated grating cavity, with the cavity length 1 mm. On each end of the cavity, the sidewall Bragg grating has a 356 μm coupling length and a 300 nm grating depth. The full width at half maximum (FWHM) at the resonance wavelength of 1532 nm is 0.0375 nm, and the free spectral range (FSR) is 0.36 nm. The measurement spectral resolution is 0.0025 nm. The roundtrip loss of the cavity is calculated to be 47.7% from (4) [21] , where 1-ρ is the roundtrip loss. Fig. 10(b) shows the TE reflection spectrum of the same grating cavity, with the fitted result. The extracted waveguide propagation loss from the curve-fitting is 2.0 dB/cm. Given the cavity roundtrip loss of 47.7%, the grating reflection at the resonance wavelength is 92.1%. Assuming the waveguide loss is wavelength-independent, and neglecting the loss introduced by the adiabatic tapers, the grating coupler loss is calculated to be 3.75 dB. The main reason for the value to differ from the theoretical value is fabrication imperfection of the Al 2 O 3 layer and grating coupler patterning distortion due to electron beam proximity effect. Improvement on Al 2 O 3 deposition and characterization is on-going, and proximity correction can be applied in order to minimize the grating coupler distortion from the patterning step.
Conclusion
In summary, we demonstrated an As 2 S 3 grating coupler with a Bragg reflector between the waveguide layer and the substrate. The fabrication procedure consists of a single lithography step and a single etching step, making it a cost-efficient and highly repeatable process. The resulting grating coupler loss is estimated to be 3.75 dB per coupler, which is comparable to results for silicon photonics. Sidewall Bragg gratings and grating cavity results are also demonstrated using the same coupling method. The coupling coefficient for 0.356 mm Bragg gratings with 500 nm grating depth is 10.0 mm −1 . The Bragg grating cavity filter was fabricated, with transmission FWHM at the resonance wavelength to be 0.0375 nm.
The proposed As 2 S 3 grating coupler opens door to numerous application on As 2 S 3 -on-LiNbO 3 platform with low fabrication cost. Compared to SOI platform, the As 2 S 3 -on-LiNbO 3 platform has up to 90 times higher modulation speed as well as much lower loss [9] . Therefore, the grating coupler on such a platform is a real enabler for high-speed, low-loss beam steering using integrated optics. By tapering the As 2 S 3 waveguide, more of the mode will travel in the LiNbO 3 substrate for high efficient EO tuning.
